Abstract
Nedd8-conjugation for the activity of SCF complexes. However, genetic studies revealed that CSN is actually required for sustained SCF activity in vivo (for review see
). This apparent inconsistency, which was termed the CSN paradox is currently explained by a working model postulating that subsequent cycles of neddylation and deneddylation, resulting in assembly and disassembly of SCF complexes, are important for the overall functionality of the ubiquitination machinery and the 'reloading' of SCF complexes with fresh, non-ubiquitinated components. Auto-ubiquitination represents a mechanism of SCF-self-inactivation and this process has to be counteracted by de-ubiquitination processes involving accessory proteins, as well as by deneddylation reactions controlling the disassembly and reloading of SCF [12, 19, 20] . The deneddylation activity of the CSN complex could be attributed to the subunit Csn5 [12, 18] [25, 26] indicating that the functional correlation between ubiquitination and proteasomal degradation is also supported by direct molecular associations. These protein-super complexes might be regulated by mutual enzymatic activities. Interestingly, purified fractions of the CSN signalosome contain kinase activity, phosphorylating IB molecules, c-Jun and p53 [27, 28] . It was reported that casein kinase II and protein kinase D are associated with the CSN complex [29] , as well as inositol 1,3,4-trisphosphate 5/6-kinase [30] . Schweitzer et al. [31] . [32] .
, also named JAB1 (for c-Jun activation domain binding protein-1 [21]). It could be shown that the Nedd8-cleaving activity depends on a metalloprotease domain within JAB1/Csn5, which is also capable of driving de-ubiquitination reactions [22], therefore allowing two distinct pathways of interference with the SCF complex. Interestingly, JAB1 can also occur in a small complex different from CSN (JAB1 containing small complex, JACS [23, 24]), which is involved in cell cycle regulation and anchorage-dependent signal transduction. Whether and how this complex is functionally related to the CSN complex is currently not clarified. It was reported that CSN can associate not only with SCF complexes but also with proteasomes

Our search for interaction partners of IKK2 revealed that components of the CSN signalosome, as well as the SCF complex, interact with IKK2 -and thereby identify IKK2 as another CSN-associated kinase. Based on this observation, we show that mutual regulatory mechanisms exist between the NF-B signalling pathway and the ubiquitination-proteasome system including the CSN complex. A similar, but distinct cross-talk between the NF-B pathway and the CSN-signalosome was recently reported by
In this report, it was postulated that a CSN-associated deubiquitinylase (USP15) causes a deubiquitination of IB␣ representing a negative feedback mechanism of IB␣ degradation and NF-B activation. Our results are in line with a negative regulatory role of the CSN complex in NF-B activation and identify Csn5/JAB1 and its metalloprotease domain as important constituent of the negative regulatory mechanism. Taken together, these findings imply that the CSN complex interferes at least in two different ways with the ubiquitination and degradation of IB␣. Studies on the role of Csn5/JAB1 in Drosophila support a model, in which CSN5 acts as a negative regulator of the constitutive NF-B pathway, although it does not block signal induced activation
Materials and methods
Constructs and primers
The yeast 2-hybrid construct for IKK2 was cloned as described [33] , as well as flag-tagged IKK2 [34] . Additional 2-hybrid vectors coding for all CSN subunits are described in [35] and the expression vector for His-ubiquitin (pMT107) was a gift of M. Treier [36] . PCR 
Cell culture and transfections
293 cells were cultured as described [37] and transfected with Lipofectamine-Plus™ (Invitrogen) [38] or with calcium/DNA-precipitates [39] . Analysis 
Yeast 2-hybrid assays
Yeast 2-hybrid screening was performed as described [33] [41] .
Other assays
Kinase assays were done essentially as in [2] 
Apoptosis assays
Apoptotic cells were stained with Annexin V-FITC and propidium iodide (BD Pharmingen, Schwechat, Austria) and determined by flow analysis.
Ubiquitination assays were performed according to [42] Electrophoretic mobility shift assays (EMSA's) were performed as described in [33] .
Sequence alignments of Csn subunits to determine amino acid similarities and consensus positions were done with VectorNTI (Invitrogen) using the default settings.
Statistics: All data presented in the manuscript are representative of several independent experiments.
Results
IKK complexes interact with CSNand SCF-complexes
Searching for proteins interacting with IKK2 using a yeast twohybrid screen (as described in [33] ) and a human liver library, we identified the CSN subunits Csn5 and Csn7 as potential interaction partners of IKK2. Further testing of all CSN-subunits (described in [35] Fig. 9E and Fig S7) , which would then reduce its pro-apoptotic effect. [44] . (Fig. 6A) (Fig. 6C) Fig. S6 ). The amount of JAB1 co-precipitated with IKK2 decreased significantly, while precipitated IKK2, as well as total JAB1 in the extracts remained constant (Fig. 7A and C ( Fig. 7D and E) . These results are in line with our observation that ectopically expressed JAB1 cannot block TNF␣-induced NF-B activity in reporter gene assays (Fig. 4C) (Fig. 8A) (Fig. 8A) (Fig. 8B) . Moreover, polyubiquitination was enhanced in presence of IKK2, which was most clearly visible when proteasomal degradation was blocked by (Fig. 8C) . The role of IKK2 for ubiquitination of JAB1 was furthermore supported by experiments using siRNA to suppress endogenous IKK2 (Fig. S7) Fig. 9A and B) . Performing the experiment with ectopically expressed JAB1 revealed a similar result of enhanced degradation of JAB1 but not IKK2 after addition of TNF␣ (Fig. 9C and D (Fig. 9E and F) . [46] or synovial fibroblasts of rheumatoid arthritis patients [47] .
ity. Flag-tagged Cullin-1 (Flag-Cul1) was coexpressed with myc-JAB1, or mutant myc-JAB1 (JAB1-MPN mutant) in 293 cells followed by anti-flag immunoprecipitation and immunoblot analysis of the myc-tag and Cullin-1 in immunoprecipitates (IP). The asterisk represents an unspecific band. (C) Reporter gene assay as in (A) including transfection with flag-IKK2 in the absence or presence of TNF␣ (50 ng/ml) for 6 hrs.
JAB1 improves cell survival under stress (Fig. 5A). In transient transfection experiments, co-expression of IKK2 with JAB1 had a similar apoptosis-protecting effect as gene suppression of JAB1 (Fig. 5B). This indicates that an excess of IKK2 blocks the NF-B inhibiting and pro-apoptotic effect of Csn5/JAB1 presumably via self-activation of IKK2 due to enforced expression. Another possible explanation is that IKK2 leads to enhanced degradation of JAB1 (as shown in
Interestingly, ectopic expression of JAB1 did not significantly increase apoptosis after addition of TNF␣, presumably because it cannot fully block TNF␣-mediated NF-B activation (see also Fig. 4C). Although apoptosis might be regulated by other factors than NF-B, it is well known that this transcription factor has a crucial role for cell survival by up-regulating anti-apoptotic genes and by counteracting p53 via induction of the p53-destabilizing molecule Mdm2 or competition for transcriptional cofactors
Taken together, these observations suggest an important role of the IKK/SCF/CSN-axis for the regulation of apoptosis via NF-Band they indicate a biological role of JAB1/CSN as negative regulator of constitutive NF-B activity and cell survival under stress.
The IKK/CSN interaction affects phosphorylation and ubiquitination processes
The observed interaction between IKK2 and JAB1/Csn5 prompted us to test whether JAB1 can serve as substrate of IKK2. To this end, we performed in vitro kinase assays after co-immunoprecipitation of IKK2 and JAB1, which clearly demonstrated phosphorylation of JAB1 by IKK2
. In vivo, the interaction between JAB1 and IKK2 or IKK1 caused a strikingly increased autophosphorylation of the respective IKK molecule (Fig. 6D and E) pointing at a bidirectional regulation. These data suggested that IKKdependent phosphorylation of JAB1 might represent a regulatory mechanism for the association of IKK-molecules, the CSN complex and the ubiquitination machinery. This view was supported by the observation that JAB1/CSN dissociates from IKK2 rapidly after activation of the IKK-complex by TNF␣ (Fig. 7). Addition of TNF␣ to cells transfected with flag-tagged IKK2 and myc-tagged JAB1 followed by immunoprecipitation of the IKK2/JAB1 complex after different time points revealed a distinct dissociation of the complex within 10 to 20 min, when maximal activity of IKK2 is reached [3] (as also shown by kinetics of IB␣ degradation in
). When JAB1 was co-transfected with a mutant IKK2 lacking kinase activity, addition of TNF␣ did not result in a decrease of JAB1 co-precipitated with IKK2 indicating that TNF-mediated dissociation of JAB1 and IKK2 requires the kinase activity of IKK2 (Fig. 7B and C). As with ectopically expressed wild-type IKK2 and JAB1, a clear dissociation was also observed for endogenous protein levels of non-transfected cells
Fig. 5 Effect of JAB1/Csn5 on apoptosis. (A) Stable JAB1 knock-down cells (siJAB1) are protected from apoptosis induced by serum-withdrawal (24 h) or TNF␣ (50 ng/ml). The percentage of apoptotic cells was determined by flow cytometry staining with FITC-Annexin V. Data are mean values of triplicates; error bars reflect SD. (B) Apoptosis assay as in (A) after ectopic expression of the constructs indicated.
Fig. 6 Phosphorylation events in the IKK-CSN-complex. (A)
and they substantiate a model in which JAB1/CSN is a negative regulator of the SCF-ubiquitination activity that has to be released from the IKK/SCF-complex to achieve maximal ubiquitination and degradation of IB␣. This release might be triggered by the observed phosphorylation of Csn5/JAB1 by IKK2. Since phosphorylation of IB␣ by IKK2 after TNF␣-induced IKK2-activation initiates subsequent ubiquitination, we tested whether JAB1 is ubiquitinated as well in a TNF␣-dependent manner. Using co-expression of His-tagged ubiquitin with flag-tagged JAB1 or IKK2, followed by anti-flag immunoprecipitation and Western blot detection of ubiquitin, we could clearly demonstrate ubiquitination of JAB1, which was enhanced by TNF␣
. In the presence of the proteasome inhibitor MG132 we observed an accumulation of ubiquitinated JAB1 indicating that ubiquitinated JAB1 is degraded by proteasomes. Using flagtagged IKK2 instead of JAB1 in combination with His-tagged ubiquitin revealed poly-ubiquitination of IKK2, which was just visible in the presence of the proteasome inhibitor MG132. However, this poly-ubiquitination was not enhanced by TNF␣
. We conclude that the poly-ubiquitination of JAB1 is triggered by IKK2 presumably via IKK2-mediated phosphorylation, as this process requires an active kinase domain of IKK2. In order to study whether the TNF␣-induced and IKK2-dependent poly-ubiquitination of JAB1 results in a reduced half life of the protein, we performed experiments in the presence of cycloheximide to block protein synthesis and to monitor protein turnover. This indicated that TNF␣ enhanced the degradation of endogenous JAB1 (
Discussion
The first characterization of the CSN complex in human cells showed that it is associated with a kinase activity phosphorylating IB␣ and p105-NF-B molecules, as well as c-Jun
In [47] , inflammatory disorders in general [48] atherosclerosis [49] or neurodegenerative diseases [50] . Moreover, JAB1 alone or in combination with the CSN complex have been reported to exert diverse functions in various forms of cancer, where they are involved in the degradation or stabilization of effector molecules such as oncogenes, tumour suppressor genes or cell cycle regulators [51] . The crosstalk of the JAB1/CSN-system with the IKK/NF-B pathway that we describe in this study adds another level of complexity and brings in additional aspects of mutual regulation.
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